INTRODUCTION
The lung is a sensitive target of irradiation. It is well known that single or fractionated doses of X or c rays above 8 Gy induce two phases of injury, an acute pneumonitis that usually manifests after 6 weeks and fibrosis that starts from months to years later (1) (2) (3) (4) . A number of reports suggest that radiation-induced pulmonary fibrosis may be regulated by genetic (5) (6) (7) and other factors such as the dose of radiation (8) . Fibrosis is defined as scarring due to the accumulation of collagen. It is identified in vitro by histological staining and/or biochemical assays for increase in tissue collagen, a protein that is difficult to solubilize and that is also abundant in larger airways and blood vessels of the normal lung. Other late effects of radiation in the lung are less well described, and even though fibrosis is difficult to quantitate and can take months or years to develop after exposure to radiation, it is currently the standard marker of radiation-induced late effects in the lung. Studies in C3H mice described focal granulomatous nodules 15 months after radiation exposure to the thorax given as split doses 28 days apart (9) . Fractionation spared mortality due to pneumonitis, but did not alter the late effects in the lung. In this model, the breathing rate of mice increased after 15 months and this increase was reduced by injection of the radioprotector WR-2721, a thiol S-2-(3-aminopropylamino)-ethylphosphorotahcioic acid (now known as amifostine or Ethyol). Pretreatment with WR-2721 improved survival of irradiated mice. The lethal dose at which half the animals were alive (LD 50 ) at 15 months was increased from 8.63 Gy to 13 Gy. However, the drug treatment resulted in increased lung collagen as measured by assaying hydroxyproline, a marker specific for collagen. Thus, lung dysfunction and lethality induced by irradiation did not correlate with pulmonary fibrosis. The most striking change in this late stage was the presence of focal scars. Travis et al. (9) , state that the scars were made up of a ''collection of lymphocytes in the interstitium, accompanied by 'foamy' cells in the alveolar spaces and collagen deposits in the area forming a focal scar. Empty, long needle-like crystalline spaces resembling cholesterol clefts were observed in these scarred areas. Histological evidence of collagen was present in these areas only and was not observed in the interstitium of the alveoli''. In that study signs of pneumonitis that had occurred earlier were absent (9) . No detailed immunological characterization of the cells in the lesions or in the development with time after irradiation were described in these studies. Furthermore, WR-2721 did not protect the lung from radiation fibrosis.
We have demonstrated an increase (doubling) in lung collagen at 30 weeks (7 months) after a single dose of 13 Gy of X rays to the whole thorax of WAG/RijCmcr rats. In addition, we demonstrated that this effect was mitigated by the ACE inhibitors, enalapril, captopril and fosinopril (10) . Two of these drugs (captopril and enalapril) improved survival during pneumonitis between 6-10 weeks. Histological analysis of lung sections at 30 weeks revealed scattered lesions consisting of intra-alveolar collections of foamy macrophages, many of which contained cholesterol cleft-like structures, similar to those described above by Travis et al. (9, 11, 12) .
The purpose of the current study was to develop a quantitative, histological biomarker to investigate mitigators of late effects of radiation to the lung. For these investigations we used our model of mature female WAG/ Rij rats that has been well characterized by us and others and shown to be sensitive to radiation injury in the lungs (10, (13) (14) (15) (16) . We showed that these rats (.60%) were lost to morbidity due to pneumonitis after receiving a radiation dose of 13 Gy to the whole thorax, and that collagen synthesis in the lung was increased in survivors after 30 weeks, but not 26 weeks, indicating onset of pulmonary fibrosis (10) . The WAG/Rij rats are descendants of an inbred strain originally created by A. L. Bacharach in 1924 from outbred Wistar rats and maintained by Glaxo laboratories in the UK. They were housed at the Radiological Institute of The Netherlands before they were brought to the U.S. The WAG/RijCmcr rats at the Medical College of Wisconsin were originally derived from a Yale University colony (17) .
In the current study, we used WAG/RijCmcr rats to: (1) evaluate histology of alveolar lesions in irradiated lungs; (2) examine the relationship between cholesterol cleft density and time elapsed after irradiation; (3) estimate the relationship between cholesterol cleft density after increasing doses of radiation and measure changes in lung structure, vasculature and function at the same times; (4) evaluate the association of the intra-alveolar lesions with fibrosis; and (5) determine if the ACE inhibitor enalapril, which is known to mitigate pulmonary fibrosis, also mitigates the intra-alveolar lesions.
MATERIALS AND METHODS

Animal Care
The study was approved by the Institutional Animal Care and Use Committee (IACUC) at the Medical College of Wisconsin. Female rats (WAG/RijCmcr) were housed in a moderate security barrier. Based upon directives from the IACUC of the Medical College of Wisconsin, rats were considered morbid and euthanized if they met specified veterinarian's criteria. These included at least 3 of the following: (1) greater than 20% loss in body weight, (2) inactivity on 2 consecutive days, defined as no movement unless actively stimulated, (3) lack of grooming that became worse after 24 h, (4) breathing rates of less than 60 or greater than 250 breaths per minute and (5) hunched posture or death pose on 2 consecutive days.
Injury Models
Unanesthetized 9-to 10-week-old rats weighing approximately 140 g were immobilized in a plastic jig and were irradiated with a 320-kVp orthovoltage system X rays with a half-value layer (HVL) of 1.4 mm Cu (15) . Rats were treated with a single dose of 5-13 Gy to the whole thorax at a dose rate of 1.43 Gy/min (10) . The radiation dose was delivered by two equally weighted lateral beams to improve uniformity. The whole lung, heart and a small amount of liver were in the field. The irradiated rats and their age-matched controls were sacrificed at different times from 20-71 weeks after irradiation. The lungs were harvested and processed for histopathology.
Administration of Drug
Random selected animals were treated with enalapril (gift from Merck Inc. or catalogue no. E6888, Sigma Chemicals, St. Louis, MO) added to the drinking water (30 and 60 mg/L), as described by us and others (10, 14, (18) (19) (20) . As previously reported, this concentration delivers 12.5-42 mg/m 2 /day (1 standard deviation above and below the mean). The drug was started at 1, 5, 10, 15 or 20 weeks after irradiation and continued until the study was terminated at 30 weeks.
Histology
The whole or partial lung was removed at sacrifice, fixed in 10% neutral buffered formalin (Fisher Scientific, Pittsburg, PA) and embedded in paraffin. Whole-mount sections of the left lung were cut (4 lm), processed and stained with Hematoxylin & Eosin (H&E, Richard Allan, Kalamazoo, MI) or Masson's Trichrome (Newcomer Supply, Middleton, WI). Some partial lung sections were also processed in the same manner. All mounting, paraffin embedding and staining were performed by the Children's Research InstituteHistology Core at the Medical College of Wisconsin.
Immunohistochemistry
Sectioning and staining for myeloperoxidase, tryptase, CD31, keratin-7 and actin is detailed in Table 1 . As described previously (21) , formalin-fixed, paraffin-embedded longitudinal 4 lm sections of the whole-mount left lung were deparaffinized followed by antigen retrieval in citrate buffer pH 6 for a total of 40-60 min. Endogenous peroxide activity was quenched by incubating the samples in 3% H 2 O 2. Samples were incubated at room temperature with the optimized dilutions of primary antibodies as shown in Table 1 . Incubation time was 60 min for all of the antibodies except for keratin-7, which was incubated overnight. For detection, horseradish peroxidase (HRP)-conjugated secondary antibodies and a peroxidase-based system [labeled streptavidin biotin method (LSAB)] were used for signal amplification. Mayer's hematoxylin was used as the counterstain.
Sectioning and staining for CD 68, CD 43 and CD 79a as detailed in Table 1 were performed by the Physiology Histology Laboratory at the Medical College of Wisconsin following a similar procedure as described above, except that Vector biotinylated secondary antibodies and Elite ABC kit (Dako Laboratories, Carpintaria, CA) were used for detection. Aniline blue was used as the counterstain. At both staining facilities, appropriate positive and negative controls with relevant 466 GAO ET AL.
histological tissue sections were included for each stain to ensure specificity of the signal.
Quantification of Staining in Lung Sections
All lung sections stained with H&E or Masson's trichrome were reviewed independently by two investigators who were blinded to the treatment groups. We quantified the number of cholesterol clefts/ whole-mount area of the left lung in cellular lesions containing at least 2 visible clefts with characteristic needle-shaped spaces (Fig. 1A) at the same magnification. A few partial-lung sections were included for time point studies. In these cases, the area of each section was individually traced and measured using ImageJ software and the corresponding number of cholesterol clefts were calculated and expressed for an average area covered by the whole-mount section from the left lungs. Only whole mount and not partial sections of the left lung at 30 weeks after irradiation were used for counting cholesterol clefts in the studies comparing animals not treated with drugs to those given different schedules of enalapril. These end points were measured in rats at different times after doses of 5, 10 and 13 Gy to the thorax, as shown in Table 2 . The techniques were performed as described by us previously as follows: breathing rate (15), newly synthesized lung collagen by the Sircol assay (10, 16) and body weight (22) . Total lung angiotensin converting enzyme (ACE) activity, pulmonary vascular resistance, right ventricular hypertrophy, dry lung weight and pulmonary arterial distensibility were measured in isolated and perfused lungs ex vivo, as detailed by Ghosh et al. (22) .
Measurement of Breathing
Statistical Analysis
Average numbers of cholesterol clefts/whole mount area/group were compared by one-way analysis of variance (ANOVA). Bar graph values are expressed as mean 6 SEM (stand error of the mean). In studies comparing only 2 groups (morphometric ratios of staining from cellular lesions versus lung parenchyma and irradiation versus irradiation with all schedules of enalapril), t tests were used. To examine the increase in cholesterol clefts with time and drug, the data were square root transformed to stabilize the variance (23) . An examination of the residuals in a one-way ANOVA confirmed the appropriateness of the transformation. A trend test was performed by using a linear regression model with equally spaced scores for the time variable. One-way ANOVA was followed by either Tukey's HSD (Honestly Significant Differences) procedure for pairwise comparison of all group means, Dunnett's procedure for comparison to a control group (13 Gy, no drug) or the Holm-Sidak method when permitted.
RESULTS
Histological Analysis of Alveolar Lesions
Lungs were harvested between 21-71 weeks after radiation doses of 13 Gy to the thorax and studied after histological processing. Typical cellular foci with alveoli containing cholesterol clefts were carefully examined in these lungs as described below.
Staining with H&E
Lung sections stained with H&E (Fig. 1A ) demonstrated inflammatory cellular foci (see alveolar lesion in the left panel) mainly in peribronchiolar regions surrounded by more normal lung parenchyma (right panel). The alveolar framework within these foci was loosely visible but the air spaces were filled by foamy macrophage exudates similar to lesions observed in diffuse pan bronchiolitis (DPB). The coalesced histiocytes formed multinucleate giant cells with lipoid material (cholesterol clefts). The cholesterol clefts were visualized as long needle-shaped spaces (marked with arrows) (24) , with no inclusions defined by polarized light either inside or outside the giant cells. A related change in the parenchyma was the presence of foci with peribronchiolar metaplasia (see the arrows in Fig. 1B ).
Staining with Masson's Trichrome
The trichrome stain highlighted collagen deposition (blue staining) associated with intra-alveolar foci containing foamy macrophages (Fig. 1C, left panel) . The fibrotic foci were seen as thickenings of alveolar walls compared to the adjacent lung parenchyma shown in Fig. 1C (right panel) . Morphometric comparisons were made of the ratio of red (noncollagenous) versus blue (collagenous) stain in a single lesion (example shown in the circle in Fig. 1C ) in each of 8 rat lungs, versus 2 random areas of parenchyma in each of the same lung sections (e.g., Fig. 1C, right panel) . This ratio decreases with increased fibrosis. Parenchymal regions were chosen remote from large vessels or airways, structures that are known to contain collagen in normal lungs. There was no difference between the mean red:blue ratios from the lesions when compared to the ratio in the parenchyma, as shown in the graph (Fig. 1D) . 
Immunohistochemistry (IHC) Staining
Anti-ED-1 (CD68). This immunostain highlights macrophages. A stained whole-mount lung section was scanned under low magnification to show macrophage-rich foci predominantly in perivascular or peribronchiolar locations (see arrows in Fig. 1E ). In contrast, the surrounding parenchyma showed only occasional macrophages within the alveolar spaces. Under higher magnification, these histiocytes were heavily stained with ED-1 ( Fig. 2A, Fig. 2A, right panel) . Anti-myeloperoxidase. This immunostain also abundantly marked the macrophages (Fig. 2B) . Though there was staining of neutrophils that were sparsely interspersed in the parenchyma, myeloperoxidase was observed to localize within macrophages in the alveolar lesions. Closer examination and comparison with H&E sections by a pulmonary pathologist (NR) confirmed staining of macrophages with only a few neutrophils being present within the foci (Fig.  2B) .
Anti-CD43 and CD79a. These markers for T and B lymphocytes, respectively, showed only a few cells scattered within the lesions as well as within the parenchyma. More T cells (Fig. 2C ) seemed visible than B cells (Fig. 2D) . There was no specific association or enrichment of either lymphocyte type within the lesions.
Anti-tryptase. Staining with this antibody highlighted the mast cells. Mast cells (stained brown) were uniformly present in the lesions as well as in the surrounding parenchyma (Fig. 2E) .
Anti-CD-31. This immunostain was used to visualize the vascular endothelial cells. Alveolar lesions demonstrated small vessels (see arrow in Fig. 2F ) that appeared to be squeezed by the surrounding giant cells and widening septa.
Keratin-7. This immunostain was used to mark epithelial cells (Fig. 2G) . Similar to the endothelial cells, epithelial cells were compressed within the cellular lesions but characteristically lined adjacent open airways and surrounding parenchymal tissue.
Anti-alpha-smooth muscle actin. The bronchioles and arterioles were both positive for smooth muscle actin, which was localized within the lesions as well as in the parenchyma. A few clusters of positive cells were found 
Alveolar Lesions in the Lung Increase with Time after Irradiation
We did not find cholesterol cleft-associated alveolar lesions in the lungs of unirradiated rats (0 Gy) corresponding to times at 30, 43 or 57 weeks after irradiation. The results are plotted in Fig. 3 (open circles) . A small number of cholesterol clefts were observed in 4/6 unirradiated rats around 71 weeks, which averaged 4.78 6 2.46 (mean 6 SEM, n ¼ 6) clefts in each whole-mount lung section (Fig.  3, open circles) .
Rats irradiated with doses of 13 Gy to the whole thorax had increasing numbers of cholesterol clefts in lungs with time up to 64 weeks (Fig. 3, solid circles) . Cholesterol cleft counts/whole-mount area were obtained from the lungs of 36 animals sacrificed at 21, 25, 30, 43 or 64 weeks. A line plot joining the mean value of the data is shown in Fig. 3 . All pairwise comparisons between groups were significant by ANOVA (Tukey's test, see Materials and Methods section), except between 21 and 25 weeks. An increasing trend of cholesterol cleft counts with time was found (P , 0.0001).
Increasing Doses of Radiation Decrease Time to Develop Alveolar Lesions but Increase Numbers of Cholesterol Clefts
We counted cholesterol clefts in lungs irradiated with 5 Gy at 56 weeks, 10 Gy at 53 weeks and 12 Gy at 33 and 41 weeks. The results in Fig. 4 show no clefts after doses of 5 Gy at 56 weeks (open triangles) or 12 Gy at 33 weeks (open stars). There were comparable numbers of clefts after doses of 10 Gy at 53 weeks (solid triangles) or 12 Gy at 41 weeks (open stars), but these were lower than the numbers counted after a dose of 13 Gy at 30 or 43 weeks (Fig. 3, closed  circles) . Table 2 summarizes results of 8 assays connected with lung structure and function along with the number of cholesterol clefts/whole-mount sections observed at the same time after irradiation. Results for breathing rate, body weight, lung ACE activity, right ventricular hypertrophy, pulmonary vascular resistance, dry lung weight and arterial distensibility after irradiation with 5 and 10 Gy have been described and presented in previous studies (15, 22) . An increase in breathing rate and lung collagen after irradiation with 13 Gy has also been reported (10, 16) . Results (mean 6 SEM) for other assays (22) after 13 Gy and unirradiated rats (parallel controls), respectively, are as follows: body weight, 186 6 3 and 201 6 4 g (n ¼ 8/group), P ¼ 0.007; lung ACE activity, 7.4 6 0.6 (n ¼ 10) and 12.8 6 0.3 units (n ¼ 9), P , 0.001; right ventricular hypertrophy (ratio of weights of right ventricle:left ventricle þ septum), 0.28 6 0.02 (n ¼ 10) and 0.21 6 0.01 (n ¼ 9), P ¼ 0.003; pulmonary vascular resistance, 0.106 6 0.005 (n ¼ 10) and 0.086 6 0.002 mmHg*min*kg/ml (n ¼ 9), P ¼ 0.005; dry 470 lung weight, 0.0013 6 0.00005 and 0.0008 6 0.00002 (n ¼ 8/group), P , 0.001; and arterial distensibility, 0.014 6 0.001 (n ¼ 9) and 0.033 6 0.001/mmHg (n ¼ 8), P , 0.001. As shown in Table 2 , only one of 6 assays showed dysfunction at 56 weeks after irradiation with 5 Gy when compared to unirradiated controls. No cholesterol clefts were observed in these lungs. A total of four of 7 assays indicated dysfunction at 53 weeks after irradiation with 10 Gy. Lungs from these rats contained alveolar lesions with cholesterol clefts. After doses of 13 Gy at 30 weeks, eight of 8 assays showed pulmonary dysfunction and these lungs were associated with the highest number of clefts from the 3 groups.
Presence of Alveolar Lesions is Associated with Other Structural and Functional Determinants of Lung Injury
Mitigation by the ACE Inhibitor Enalapril
Enalapril was started at five different time points (1, 5, 10, 15 and 20 weeks) after doses of 13 Gy to the thorax, and continued until the lungs were harvested at 30 weeks. The drug was given orally at 30 or 60 mg/L in the drinking water corresponding to a range of 12.5-42 mg/m 2 /day. Body weights of the rats given enalapril (both doses) did not catch up to those of unirradiated rats at 30 weeks, but were also not different from irradiated rats with no drug (Fig. 5) . There was no difference in body weight in rats given the high dose (60 mg/L) versus the low dose (30 mg/L) of drug even after 25 weeks of treatment with enalapril. We also did not observe differences in general indices of toxicity, including lack of grooming, inactivity, etc., in rats treated with enalapril versus their untreated counterparts.
At 30 weeks after a radiation dose of 13 Gy there were no cholesterol clefts in unirradiated lung sections, while lungs irradiated with 13 Gy had increased clefts (18.7 6 4.2 clefts/whole-mount section, mean 6 SEM, P ¼ 0.0001, 13 Gy vs. 0 Gy) (Fig. 6) . Results of ANOVA by Dunnett's procedure showed that three of the 5 schedules of enalapril (60 mg/L) mitigated the formation of cholesterol clefts after irradiation, starting at 1 week (6.8 6 2.4, P ¼ 0.029 vs. 13 Gy only), 5 weeks (5.2 6 1.9, P ¼ 0.0051 vs. 13 Gy only) and 15 weeks (6.7 6 1.9, P ¼ 0.029 vs. 13 Gy only). There were 8.6 6 2.3 and 10.7 6 3.9 clefts/whole-mount section when enalapril was started after 10 and 20 weeks, respectively. Lower doses of enalapril (30 mg/L) also mitigated formation of cholesterol clefts after irradiation when the drug was started after pneumonitis at 10 weeks (4.9 6 1.9, P ¼ 0.006 vs. 13 Gy only) and 20 weeks (7.3 6 2.3, P ¼ 0.029 vs. 13 Gy only). We could not compare results in groups in which the drug was started before pneumonitis due to ,4 rats surviving in each of these groups. However, a t test comparing 13 Gy (n ¼ 8) to 13 Gy þ enalapril 60 mg/L (n ¼ 40 by combining all groups) or 13 Gy þ enalapril 30 mg/L (n ¼ 32 by combining all groups) confirmed mitigation by the drug if started from 1-20 weeks after irradiation (P , 0.001 for 60 mg/L and P ¼ 0.002 for 30 mg/L enalapril).
DISCUSSION
Radiation induces late focal alveolar lesions in rat lungs. The foci are predominantly peribronchial in location. This characteristic histopathology was first observed following pneumonitis, but before fibrosis was detected by measuring lung collagen (10) . The cellular nodules are laden with 
FOCAL ALVEOLAR LESIONS INDUCED BY RADIATION
lipoid-rich (foamy) multinucleate giant cells derived from macrophages that fill the alveolar space. The foci also contain a few lymphocytes and mast cells, although these were not markedly enhanced within the lesions compared to the surrounding parenchyma. The alveolar septa within the lesions appeared thickened, though the collagen content in the lesion was not increased in proportion to the cellular density (Fig. 1C, D) . The cholesterol clefts increased in number versus time up to 64 weeks, the longest time we observed. Cholesterol clefts appear earlier after doses of 13 Gy, than after irradiation with 12 or 10 Gy, and clefts were not present at 56 weeks after doses of 5 Gy. We observed the most indices of dysfunction in the lung and pulmonary vasculature of rats from the group containing the highest numbers of cholesterol granulomas. The numbers of clefts were reduced by therapy with enalapril started after thoracic irradiation. We did not measure the plasma levels of enalapril, drinking patterns over time or specific side effects of the drug, but did not observe general signs of toxicity in rats after any dose or schedule of enalapril we tested. Body weights of survivors of the pneumonitis phase measured at 30 weeks were identical in rats irradiated with dose of 13 Gy alone and to those also receiving enalapril in the water in schedules starting 1-20 weeks after irradiation. ACE inhibitors such as captopril, lisinopril and ramipril have been previously reported to mitigate a range of radiationinduced injuries in the lung and other organs (14, (25) (26) (27) (28) (29) and are well tolerated by patients, including after irradiation for cancer therapy (26, 28) .
In this study, we have examined the lungs from rats that survived acute radiation pneumonitis, as granulomatous changes are a delayed injury (late effect). In our model, all rats receiving doses of 5 and 10 Gy, but not doses of 12 and 13 Gy, survived pneumonitis (10, 15, 19) . With doses higher than 13 Gy (e.g., 15 Gy) no rats survived (19, 21, 30) long enough for investigation of late effects. We therefore focused on rats injured with 5-13 Gy irradiation to the thorax. At 13 Gy irradiation, 60-80% of the rats were lost to pneumonitis between 42-80 days. However, once they were past that phase they survived beyond 200 days (10, 30) to manifest late effects. Between 20 to 75% of the rats irradiated with radiation doses of 13 Gy with different doses and schedules of enalapril were protected during pneumonitis. The mitigation of late effects we observed with enalapril may be underestimated, since we did not account for the higher rate of attrition in the group irradiated with doses of 13 Gy alone, which lost more rats to severe and fatal pneumonitis.
Cholesterol clefts are empty spaces left by cholesterol crystals that are dissolved during tissue processing such as paraffin embedding and deparafinization. They have been described in many organs from different species, such as dog brain (31) , mouse aorta (32), periapical lesions in human jawbone (33) and coronary artery of humans and pigs (34) . Cholesterol granulomata in the lung have been reported in patients with pulmonary-associated pathologies, e.g., in lungs of heavy cigarette smokers (35) , pulmonary arterial hypertension (36) and nonspecific interstitial pneumonia/fibrosis (37). Nodules have been described on computed tomography (CT) chest scans of patients (36) , which may represent the large coalesced lesions we observed on histology. Barkhordari et al. characterized granulomas from lungs of nonspecific interstitial pneumonia patients (24) . Their findings were similar to ours showing mono-and multinucleated giant cells with anti-CD68 antibody. They also observed strong staining of type II pneumocytes and cholesterol cleft granuloma lining cells. Granulomas have also been reported in patients after irradiation. Resected lung tissue from non-small-cell lung cancer patients treated with radiotherapy and investigated for therapy-associated tumor regression had cholesterol clefts that were at times associated with giant cells (38) . The clinical significance for the lesions within the lung is not clear and will be an interesting topic for future investigation.
Travis et al. described cholesterol cleft-associated foci in C3H mouse lungs after single and fractionated doses of whole-thorax irradiation (9, 11, 12) . These nodules were not characterized by cell type or quantified by time or dose after irradiation, as done in this study. However, they were reported to be the most striking changes in the irradiated lungs of the mice at 64 weeks (12) . They were shown to occur with radiation doses .8 Gy and at dose rates ranging from 0.01-8.8 Gy/min. Lymphoid accumulation in the alveolar lumina was observed (11) in addition to the foamy cells, cholesterol clefts and collagen accumulation. Our results in rats are very similar, although we did not observe significant lymphoid accumulation. Also, the increase in collagen in our study was not limited to these foci as reported in the mouse (9) . In another study terminated at 76 weeks that used the same strain of rats as in this study, ''granulomatous pneumonia'' by cholesterol clefts were described after irradiation along with fibrosis that was not lethal (13) .
Mechanisms for development of the cholesterol granulomas in the lung are not well described. Some investigators postulate that they result from recurrent pulmonary hemorrhage (36, 39) . We did not observe evidence for hemorrhage in the irradiated lung sections we examined. Others relate them to the degradation of excess surfactant into phospholipids and cholesterol crystals that are then embedded in the surrounding tissue (40) . Cholesterol (3%) is present in lipid extracts of bovine pulmonary surfactant (24, 41) . More recently, pathways in phagocytic cellular metabolism have been studied, with a focus on the digestion of ingested apoptotic cells (42) . In these studies, the phosphotidyl serine that is externalized on apoptotic cells activate peroxisomes proliferator-activated receptors (PPARs) and liver X receptors (LXRs) in phagocytes to mediate cholesterol efflux. This process fits best with our observations of giant cells and macrophages associated with the alveolar lesions and the cholesterol clefts in irradiated lungs. Apoptotic cells would be expected to increase in 472 number in the lung after irradiation and attract macrophages. Phagocytosis of these cells would induce formation of cholesterol granules (as described for ingested apoptotic cells), which are then packed into clefts.
Mitigation by ACE inhibitors could also be explained by this mechanism, since the renin-angiotensin system has been reported to be involved in both apoptosis as well as in inflammation by macrophages. The ACE-inhibitor captopril completely abrogated apoptotic indices based on morphology, DNA fragmentation, and inducible caspase 1 and caspase 3 activities, in Fas-induced programmed death of human lung epithelial cells in culture (43) . Bleomycininduced apoptosis of cultured rat pulmonary epithelial cells was inhibited 91% by captopril or 82%, respectively, by neutralizing antibodies specific for angiotensin II (both P , 0.01) (44) . In addition, observations in experimental animals show that alveolar macrophages initiated systemic inflammatory response (45) . The inflammatory cascade included activation of the local renin-angiotensin system. In fact, macrophages expressed markers of the renin-angiotensin system (46) . So inhibition of ACE with enalapril might be expected to reduce apoptosis, inflammation and the development of the alveolar lesions we observed.
We identified several indices of pulmonary dysfunction in rats surviving beyond 30 weeks after radiation doses of 5-13 Gy to the thorax, the lungs of which exhibited variation in cholesterol cleft numbers. We observed abnormalities in lung structure and function accompanying the increased density of alveolar lesions. However, a causal relationship between cholesterol clefts and dysfunction cannot be assumed. Cholesterol clefts also present in other pathological conditions affecting the lung. Future studies are needed for a better understanding of the mechanism and consequence of these lesions, or to reveal if they are related to recently described epithelial-to-mesenchymal transitions (47) .
In summary, irradiation of the lung resulted in late developing granulomatous alveolar lesions that are associated with giant cells and cholesterol clefts. These injuries were observed in one strain of mouse (C3H), one strain of rat (WAG/RijCmcr) and in human lungs. In rats they began to appear around 21 weeks, after radiation pneumonitis had resolved and before fibrosis was readily detected. The foci increased in numbers with time, indicating a dynamic and ongoing injury. They also occurred earlier with higher doses of radiation. Because they are easily detected by histology, which is the gold standard to monitor lung injury, they may serve as a convenient early marker of late radiation injury to the lung and to test countermeasures. Future studies are needed to determine if similar to radiation fibrosis, development of these lesions is regulated by genetic factors. Finally, we show here that enalapril is a mitigator of formation of pulmonary cholesterol clefts induced by radiation if started after 1 week or even after 20 weeks. This ACE inhibitor also mitigates radiation pneumonitis and pulmonary fibrosis (10) .
